Small-scale and large-scale variations of signal amplitude for wideband data collected at two office buildings have been investigated. The data base includes 12000 impulse response estimates which were obtained by inverse Fourier transforming of the channel's frequency response profiles. Extensive curve fitting for the distribution of individual multipath components' amplitudes using elaborate tests based on the KolmogorovSmirnov and Wilcoxon procedures shows that amplitude fading is lognormal for both local and global data. For the local data, the lognormal, Nakagami, and Rayleigh distributions passed the Kolmogorov-Smirnov test with a 90% confidence level for 76%, 3696, and 13% of cases, respectively. For global data the Wilcoxon test showed that with 99% confidence lognormal is better than Nakagami, and with 94% confidence Nakagami fits the data better than Rayleigh.
INTRODUCTION
Detailed knowledge of radio propagation inside huildings is essential for successful design of indoor communication systems. Measurement and modeling of the indoor radio propagation channel has been performed and reported by different investigators [1]- [7] .
Reference [l] is a comprehensive tutorial-survey coverage of the topic.
The random and complicated indoor radio propagation channel can be characterized using the impulse response approach: at each point in the three-dimensional environment the channel is a linear filter with the complex-valued impulse response where N is the number of multipath components, (ak}, (tk}, {ek} are the random amplitude, arrival-time, and phase sequences, respectively, and 6 is the Dirac delta function. The channel is completely characterized by these path variables. This is a wideband model which has the advantage that, because of its generality, it can be used to obtain the response of the channel to the transmission of any transmitted signal by convolving that signal with h(t) and adding noise.
The work reported in this paper is concerned with the analysis and simulation of the signal amplitude sequence ( a k } . Distrihutions over both local and global areas have been investigated.
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MEASUREMENT PLAN AND PROCEDURE
Using the impulse response approach of Eq. (l), extensive propagation measurements were performed at two office buildings.
The purpose of these measurements was full characterization of the two propagation mediums based on elaborate statistical analysis and modeling of the channel's impulse response. A brief description of measurement plan and procedure is provided in this section.
The following measurement plan was executed at each huilding: four transmitter-receiver antenna separations of 5, 10, 20, and 30 meters were considered. For each antenna separation 20 locations were visited on the basis of good variation of typical conditions within the building. Each location was carefully selected, with both line-of-sight (LOS) and non-line-of-sight (or obstructed) topographies included. The number of obstructed locations was higher for larger antenna separations, consistent with conditions encountered in real-life indoor portable communication systems. The base (i.e., the fixed) antenna location was also varied throughout the buildings. At each location 75 frequency response profiles at 2 centimeter spacing were measured and recorded. This resulted in a large data base of 6000 frequency response profiles for each building (75 profiles per location x 20 locations per antenna separation x 4 antenna separations per building).
The above measurement plan was executed at two dissimilar office buildings. Since geometry of the buildings made it impossible to pick 20 portable locations per fixed site (base), variations in the base site was also permitted for each antenna separation. This procedure brings the added advantage of making the results less biased, as compared to a scenario in which a single base location is selected for all measurements.
The first building measured was NovAtel Communications Ltd. Corporate Office located in Calgary, Alberta, Canada. This is a modern three storey facility containing offices, cubicles, and laboratory space. Measurements were performed on the first and third floors, with both antennas located in the same floor. The second huilding measured was the Alberta Government Telephone (ACT) Tower also located in Calgary. This huilding is a high-rise containing primarily offices and cubicles, with some laboratory space. Measurements were performed on the 19th floor only.
The measurements were performed using a Vector Network Analyzer measuring the frequency response of the indoor propagation channel between two discone antennas. The network analyzer swept frequency band was 900 MHz to 1300 MHz in 500 KHz steps (801 points). The time required was 400 ms per sweep with 10 sweeps being averaged per measurement, making the actual time for each measurement 4 seconds. All measurements Conference were performed at night or on weekends when there were few, if any, other personnel in the vicinity of the measurement setup.
The 12000 frequency response profiles measured using the above procedure were converted to the time domain by classical Fourier analysis. This resulted in an equal number of impulse response profiles. Details of the measurement plan, procedure, and subsequent processing are reported in [2].
SIGNAL AMPLITUDE DISTRIBUTIONS Amplitude Fading Distributions
Major probability distributions encountered in multipath fading environments are Rayleigh, Rice, Nakagami, lognormal, and Suzuki. Rice and Suzuki distributions did not provide good fit to most of the data, and therefore, the results of curve fitting for the other three distributions are reported.
Rayleigh distribution is often mentioned in connection with purely scattering fading models in absence of a strong (LOS) component. It has one parameter and its probability density function (pdf) is given by:
where r is the envelope at a fixed delay and CT is the Rayleigh parameter (the most probable value). The mean and variance of this distribution is &I2 (T and ( 2 -5112 ) o2 , respectively.
A second distribution often mentioned in connection with fading over large areas were nonstationarities in the channel should be taken into account is the Lognormal distribution with a pdf given hy: Equation (3) shows that ln(r) has a normal distribution.
This distribution has two parameters p and O.
A third probability distribution that has been tested successfully to describe envelope fading in multipath environments is the Nakagami or m-distribution with the probability density function where T(m) is the Gamma function, S2 = E ( r2 ] and m = {E [? ] l2 N a r [r2], with the constraint m 5 112. Nakagami is a general fading distribution that reduces to the Rayleigh for m=l and to the one-sided Gaussian distribution for m = 112. It also approximates the Rician and Lognormal distributions.
Loca 1 A m pl i t ud e Distributions
Local data refers to the set of 75 profiles collected in one location. To test local amplitude distributions at a fixed delay the Kolmogorov-Smirnov (K-S) goodness of fit test between empirical and theoretical distributions was employed. In the K-S test the maximum "distance" between the theoretical and empirical distributions D is defined as: 
in which a is the significance level and E the test. For large N, the threshold value E is the critical value of can be written as: The empirical distributions; were obtained using the moment method. In this method which is relatively easy to implement, theoretical moments of thie distributions are obtained and equated with the theoretical moments estimated from the data. Parameters of F(x) are then calculated Parameter estimation and curve fitting can h'e performed on a linear scale or on a log scale. For dynamic ranges of data larger than 20 dB, contribution of weak amplitudes for curve fitting on a linein scale is insignificant, and therefore, parameter estimation and curve fitting is performed on a log scale. This comesponds to curve fitting of the empirical data with the normal, log-Rayleigh, and log-Nakagami distributions. To save space mathematical details arc: not reported here; they can be found in [9] and [lo] .
Resolution of the experiment was 5 nsec. Prior to data reduction the excess delay axis was divided into small intervals of width 5 nsec. called "bins". Each bin contains either one component or no component. Possibility of more than one component in a bin is excluded. It was observed from the data that probability of receiving components; with excess delays larger than SO0 nsec. is negligible. The excess delay axis was therefore divided into 100 bins. This discrete ,version of the data was used for the analysis reported in this work.
Each location contains 75 profiles. Therefore, for each bin (i.e., for each excess delay) maximum number of samples is 75. To increase the number of samples data for 5 adjacent bins were combined. This is justified since: amplitude of components in adjacent bins have similar statistics. Therefore, curve fitting was performed for portions of the excess delay axis which are 25 nsec.
wide and are centered at excess delays of 25, SO, 75, 100, ......, 425, 450, 475 nsec. For each portion of the excess delay axis and for each theoretical distribution the K-S test was performed with a confidence level of 90%. Fig. 1 shows samples of curve fitting for both buildings. Samples of the results are also reproduced in Table  I . In this table a "1" indicates that the data passed the K-S test for the corresponding theoretical distribution, and a "0" means that it did not pass the test. Rayleigh Lognormal Distribution Distribution Table I The amount of data analyzed provides statistically significant results. A total of 160 locations for both buildings (20 locations for each one of 4 antenna separations at each one of two buildings) were tested. For each location 19 portions of the excess delay axis were considered. Overall, more than 3000 cases were therefore tested. Results of the local curve fitting (a few of which are reflected in Table I ) are summarized in Table 11 . This table shows that with the confidence level of 9096, in 75.6% of cases the lognormal distribution passes the Kolmogorov-Smirnov test. These numbers are 36.3% and 12.6% for the Nakagami and Rayleigh distributions, respectively. It is concluded, therefore, that lognormal distribution is the best candidate to describe amplitude fading over local areas.
Global Amplitude Distributions
Each set of global data consists of 1500 profiles collected at one antenna separation. In the analysis of global data also multipath components for five adjacent bins were combined. This increases the number of samples for each portion of the excess delay axis to several thousands. The theoretical and empirical distributions were obtained using the methods described in the previous section. Mean square error between the two distributions is defined as: Table 111 . It was observed that for most cases the lognormal distribution provided smaller MSE's as compared to the Nakagami and Rayleigh distributions. For each antenna separation there are 19 portions of excess delay and 19 corresponding MSE values (for each theoretical distribution). The Wilcoxon test on the MSE's was used to determine the best distribution. This test showed that with an average confidence level of 99.04% the lognormal distribution is better than Nakagami. The test also showed that with an average confidence level of 94.07% Nakagami is better than Rayleigh. It is therefore concluded that the lognormal distribution is also the best candidate for describing amplitudes over global areas 
A Proposed Simulation Model
Theoreticd local and global distributions of the signal amplitudes were described in the previous sections. On the basis of these results one can assume that log-amplitude of the multipath components at a fixed excess delay for two impulse response profiles collected 'it adjacent points in space in the same local environment have a bivariate normal distribution with their correlation coefficient a decreasing function of the sampling distance. The joint density function1 of two consecutive logamplitudes (to be denoted by Xm and XmTl for simplicity of notation, were the index m numbers the spatially-separated points along a track in the same local area) are therefore given by: A simula'tion model for generating a consistent set of log-amplitudes is proposed here:
Step I. A local mean p and a local standard deviation d are specified by the user on the basis of the large data base of values obtained throughout the measurements. I.I and 0 may also be generated according to the appropriate normal distributions, the parameters of which are available from our analysis (but were not reported here due to space limitations).
Step 2.
for a location is generated according to a N(p.0) distribution. Xm , m=2,3, ..... are generated according to a conditional normal distribution, with the condition being the value of Xm-l. This is because if Xm and Xm-l are jointly normal with mean /.I and standard deviation 0 , then X conditioned on X has a normal distribution with mean and standard deviations given by:
The correlation coefficient p depends on the sampling distance. Numerical values were calculated and reported in 121.
CONCLUSION
The results of extensive curve fitting for local and global distributions of the amplitude of multipath components for indoor radio propagation data were reported. The data base included 12000 impulse response profiles collected at two modern office buildings. Major result of the analysis is that amplitude fading is lognormal over both local and global areas. On the basis of the results of this work a simulation model for generating amplitude of multipath components at fixed delays for spatially-separated points was proposed. The results of this analysis can be used in the simulation and design of indoor radio communication systems.
The large multipath propagation data base has been further analyzed to obtain full understanding of the channel's timeinvariant impulse response. The corresponding results have been reported in [2]-[4] .
